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Lipid raftPlasmamembrane lipids signiﬁcantly affect assembly and activity of many signaling networks. The presentwork
is aimed at analyzing, by molecular dynamics simulations, the structure and dynamics of the CD3 ζζ dimer in
palmitoyl-oleoyl-phosphatidylcholine bilayer (POPC) and in POPC/cholesterol/sphingomyelin bilayer, which re-
sembles the raftmembranemicrodomain supposed to be the site of the signal transducingmachinery. Both POPC
and raft-like environment produce signiﬁcant alterations in structure and ﬂexibility of the CD3 ζζwith respect to
nuclear magnetic resonance (NMR)model: the dimer ismore compact, its secondary structure is slightly less or-
dered, the arrangement of the Asp6 pair, which is important for binding to the Arg residue in the alpha chain of
the T cell receptor (TCR), is stabilized bywatermolecules. Different interactions of charged residueswith lipids at
the lipid–cytoplasm boundary occur when the two environments are compared. Furthermore, in contrast to
what is observed in POPC, in the raft-like environment correlated motions between transmembrane and cyto-
plasmic regions are observed. Altogether the data suggest thatwhen the TCR complex resides in the raft domains,
the CD3 ζζ dimer assumes a speciﬁc conformation probably necessary to the correct signal transduction.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Over the past few decades there has been increasing evidence that
plasmamembrane is a heterogeneousmediumwith a complex lipid or-
ganization. To provide an accurate description, Simons and Ikonen pro-
posed the concept of “lipid raft” to refer to the membrane nanoscale
sub-compartmentalization due to the lateral segregation of lipid
components [1]. Lipid rafts comprise sphingolipids, cholesterol, and
proteins forming two-dimensional ﬂuctuating platforms, functioning
in membrane bioactivity. It has been shown that many proteins are
preferentially active in the raft [2]. For this reason, it is considerably
challenging to provide detailed atomic level information about the pro-
tein conformational events that occur in these domains. Structural stud-
ies on membrane proteins are extremely complicated as demonstrated
by the very low number of transmembrane (TM) structures in the Pro-
tein Data Bank [3] (b1%),while themembrane proteins are estimated to
be 15–30% of the proteins encoded in the genome. The methods mostamics; POPC, palmitoyl-oleoyl-
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cannot reproduce the TM region conformations in the lipids. In addition,
micelles used in NMR spectra do not faithfully replicate the membrane
environment. Recently a new tool in the study of membrane proteins
has been provided by computer simulation approaches able to check
the dynamic properties of TM regions within an environment resem-
bling the plasma membrane [4–6]. In fact, recent advances in computa-
tional methodologies and gpu programming have made it possible to
carry out 10–100 million atom simulations and progresses in the devel-
opment of force ﬁelds used in molecular dynamics (MD) studies have
made it possible to insert a protein structure into a lipid bilayer to ob-
serve its movements in a native-like environment, as in the cases of
voltage-sensing domains [7,8] or G-protein coupled receptors [9–11].
Different one-component pre-equilibrated bilayer systems have
been used in MD simulations (for example: dodecyl-phosphocholine,
dimyristoyl-phosphatidyl-choline, palmitoyl-oleoyl-phosphatidyl-
choline, dipalmitoyl-phosphatidyl-choline, palmitoyl-linoleyl-phospha-
tidylcholine), providing evidence for the effects of different bilayer com-
positions on the protein structure [12].
MD simulations have also demonstrated that the addition of choles-
terol (CHOL) to different lipid bilayers can strongly affect the structure
and dynamics of proteins and peptides [13]. For example, the presence
of CHOL in palmitoyl-oleoyl-phosphatidyl-choline (POPC) or sphin-
gomyelin bilayers increases the packing of side chains of a peptide
2638 A.A. Petruk et al. / Biochimica et Biophysica Acta 1828 (2013) 2637–2645(fragment of the epithelial growth factor) embedded in the bilayer
[14]. A three-component bilayer consisting of CHOL, palmitoyl-
sphingomyelin (SM) and POPC has been studied by MD simulations
and speciﬁc interactions among the lipid components ordering the
system have been elucidated [10]. The physical and chemical properties
of the three-component system resembling the raft environment
(POPC/CHOL/SM) have been compared to those of the one-component
(POPC) system and distinct lateral pressure proﬁles were highlighted
for each system [15–17]. The physical and chemical properties speciﬁc
for the raft lipidmixture could inﬂuence the structure of embedded pro-
teins; furthermore, the protein conformational changes that could occur
during the translocation into the raft could be relevant to elucidate the
activation of biological processes occurring there.
Here we report the results of MD simulations, in raft-like and non-
raft bilayers, of the CD3 ζζ dimer [18] that is crucial for the activation
of the T cell receptor (TCR). In fact, CD3 ζζ dimer is an evolutionary
well conserved component (Fig. 1) of the TCR–CD3 complex [19],
which consists of the antigenic peptide binding subunit, the
heterodimer αβ and the transducing subunit CD3, the latter resulting
from the assembly of three dimers: γε, δε and ζζ. CD3 ζζ peptide inter-
acts with the TCRα chain through a salt bridge in the transmembrane
region [20]; its cytoplasmic region contains three immunoreceptor
tyrosine-based activation motifs (ITAMs). Each motif possesses two ty-
rosine residues, and their phosphorylation by Lck and Fyn Src-family ki-
nases is necessary for triggering the signal transduction [21]. Basic
residues localized within the ζ chain ITAMs promote association of the
cytoplasmic region with the inner leaﬂet of the membrane through in-
teraction with negatively charged phospholipids. The ITAMs are thus
protected from phosphorylation in absence of TCR activation [22]. The
mechanism responsible for dissociation of ITAMs from the membrane
during activation remains unknown.
Whether the lipid raft environment can inﬂuence the assembly and
activity of TCR–CD3 complex is controversial [23]. However, several bio-
physical studies using detergent-free experiments support the idea of a
critical role of rafts in TCR activation [24,25]. Condensation of plasma
membrane at the sites of T-cell activation, revealed by a ﬂuorescent
probe, has indicated raft accumulation [26,27]. In addition, Rentero
et al. [28] have demonstrated that the treatment with oxysterol 7-
ketocholesterol, which prevents raft formation, inhibits T-cell activa-
tion; Zech et al. [25] have immunoisolated TCR activation membrane
domains and have detected higher content of CHOL and SM as com-
pared with control membrane fragments. Recently, Otahal et al. [29]Fig. 1.Alignment of ζ chain of different vertebrate species. The conserved residues are shaded in
the sequence of the simulated peptide are indicated above the alignment.have demonstrated that a negative regulator of the Src-family kinases
targeted to rafts inhibited TCR signaling. Very recently MD simulations
have been used to approach the assembly of the TCRα–CD3ε–CD3δ
transmembrane domains in POPC and dipalmitoylphosphatidylcholine
(DPPC) bilayers and demonstrated that the basic residues of TCR inter-
act with the acidic residues of the ε and δ CDR3 chains [30].
In the present study we have investigated at the atomistic level the
inﬂuence of the speciﬁc lipid environment present in rafts on the struc-
ture of the CD3 ζζ, using MD simulations.
2. Methods
2.1. System
The starting structure for themolecular dynamics simulations of the
CD ζζ dimer (sequence-2DSK1LCYLLDGILFIYGVILTALFLRVKFSRSAD) has
been taken from the Protein Data Bank with the accession number
2HAC [18]. The structure has been determined by NMR in a mixed de-
tergent system of sodium dodecyl sulfate and dodecyl phosphocholine
in a 1:5 ratio. The 15 structures constituting the ensemble show a root
mean square deviation (RMSD) of 0.65 Å for all atoms. The structure
is a left-handed coiled coil with a crossing angle of 23°. A key contribu-
tion to dimer formation is the presence of the cysteines in position 2
that form an interchain disulﬁde bond. The CD3 ζζ dimeric interface is
composed mainly of side chain contacts, some of which are polar.
2.2. System setup, equilibration and molecular dynamics
The starting structurewasﬁrst immersed in the POPC and POPC/SM/
CHOL (raft-like) bilayers, kindly provided by Dr. Perttu Niemela (VTT
Technical Research Center of Finland, Espoo, Finland). The process of
model insertion in the lipid bilayers was performed as previously
done in other works [31,32] and suggested by other authors [33]: the
starting models were placed in the boxes with the helices traversing
the bilayer. After the insertion of the protein model at the center of
the boxes, all the solvent molecules with at least one atom within 2 Å
from a non-hydrogen atom of the protein were removed. In the case
of the raft, the process of model insertion was performed retaining the
1/1/1POPC/SM/CHOL composition of the bilayer. In both cases, incorpo-
ration of CD3 ζζ dimer into the bilayer did not induce signiﬁcant
alterations to the system. Models of each system were generated by
using the CHARMM force-ﬁeld parameters (http://terpconnect.umd.green. The three ITAMs (YxxI/Lx6–12YxxI/L) are underlined. The numbers corresponding to
2639A.A. Petruk et al. / Biochimica et Biophysica Acta 1828 (2013) 2637–2645edu/~jbklauda/research/download.html) [8]. TIP3P water model was
used [34].
A summary of the features of the starting models used for the MD
simulations is reported in Table 1. Both systems were submitted to a
minimization procedure of 1000 steps. After this procedure, two addi-
tional equilibration stages were done. Firstly, 0.2 MD simulations were
carried out in the NPT (constant particle number, pressure and temper-
ature) ensemble with a target pressure and temperature equal to 300 K
and 1.013 bar, respectively. In this stage a harmonic constraintwas used
for all protein atoms; 2 fs time-step was used to integrate the Verlet
equation. Then, theMDsimulationswere extended 0.2 nsmorewithout
any restraint. After these steps, whichwere carried outwithNAMD [35],
the systems were stable.
All the simulations were conducted using the same non-bonded in-
teraction parameters, with a cutoff of 9 Å, a smooth switching function
of 7.5 Å and a non-bonded pair list set of 9.5 Å. Long-range electrostatic
interactions were computed using the particle-mesh Ewald method
with the grid spacing of 1 Å [36].
For each system, two 100 ns runswere performedwith ACEMD [37]
in the anisotropic NPT ensemble at 300 K, using Langevin thermostat at
300 K with a relaxation of 0.1/ps, Berendsen barostat at 1.0 bar with a
relaxation of 0.4/ps and computing the electrostatic interactions with
the particle-mesh Ewald (PME) algorithm [38]. Lipid cross-sectional
area on x–y plane has not been ﬁxed. The integration time-step was
set to 4 fs, enabled by the hydrogenmass repartitioning scheme [38,39]
available in ACEMD.
2.3. Stability of the simulations
The stability of the simulations was monitored by following a num-
ber of parameters such as RMSD from the starting structure, radius of
gyration, accessible surface area and the root mean square inner prod-
uct between two halves of the trajectories, as previously suggested
[40]. Secondary structure has been evaluated using DSSP [41]. The sim-
ulations showed stable trajectories and reached a plateau after a few
nanoseconds.
2.4. Essential dynamics
Essential degrees of freedom were extracted from the trajectories
according to the essential dynamics (ED) method [42]. This method is
based on the diagonalization of the atomic correlation matrix of the co-
ordinate ﬂuctuations, normalized according to the equation
Cij¼ ΔRi  ΔR j
D E
= ΔRi  ΔRih i ΔR j  ΔR j
D E 1=2
;
where ΔRi and ΔRj are the displacements from the mean positions of
the ith atom and the jth atom, and b N represents the time average over
the equilibrated portion of the trajectory. Cij values vary in the interval
−1 b Cij b +1.
The obtained eigenvectors represent the directions of motion, and
the eigenvalues the amount of motion along each eigenvector. The
eigenvectors are sorted in descending order according to their eigen-
values. Usually, theﬁrst 10 eigenvectors are sufﬁcient to describe almost
all the conformational sub-states accessible to the protein (essentialTable 1
System parameters used in the four MD simulations performed in this study.
POPC POPC/SM/CHOL
Atoms of system 72,782 86,364
ζζ atoms 690 690
Lipid molecules 253 300
Box volume (nm3) 710 815
Simulation time (ns) 100 × 2 100 × 2subspace) [43–45]. Only Cα atoms were included in the deﬁnition of
the covariance matrices.
The overlap of the essential subspace (ﬁrst 10 eigenvectors) has
been used to evaluate the consistency between the two POPC simula-
tions and the two raft simulations. The overlap has been evaluated cal-
culating the root-mean-square inner product (RMSIP) [43–45]. The
similarity of the results achieved analyzing the two simulations carried
out for each system indicates that they are virtually independent by the
initial starting velocities, which adds conﬁdence and validates the con-
clusions drawn from our data.3. Results ad discussion
3.1. Comparison of simulated structures
The structural stability of the CD3 ζζ dimer has been investigated by
analyzing both sets of 100 nsMDsimulations each at 300 K in POPC and
raft-like environments. The time evolution of the Cα helix root mean
square deviation (RMSD) to the starting structure is reported in Fig. 2.
Although differences between the NMR and simulated structures are
observed, the simulations showed a good stability of the overall fold.
The Cα helix RMS deviation from the starting structure is similar for
the two simulations in raft, butwith different behaviors for the two sim-
ulations in POPC. In all cases, the helix Cα RMSD averaged over all the
trajectory in POPC and raft simulations was b1 Å. The similarity be-
tween the simulations was also checked by computing the RMSIPs be-
tween two 10 eigenvector subsets for each trajectory (see Methods),
as already done in other works [40,43]. The 10 eigenvectors with the
largest eigenvalues (i.e., those that describe the largest amplitude col-
lective motions) of one set were taken and projected onto the ﬁrst 10
of the second. The RMSIP values obtained comparing the two POPC
and the two raft trajectories are 0.71 and 0.64, respectively.
Representative structures of the dimer obtained from the simula-
tions are shown in Fig. 3 and their more relevant structural parameters
are reported in Table 2. Themean radius of theα-helices is very close to
the ideal in both simulations. The number of interchain and intrachain
H-bonds is similar. When compared to NMR structure [18], both
POPC and raft-like environment show a loss of helix content at level of
N- and C-termini, indicating that the CD3 ζζ dimer adopts a slightly
less ordered conformation in the bilayers. However, the most clear dif-
ference between the simulated and experimentalmodels is represented
by the value of the crossing angle,which is 23° inNMR structure,where-
as it is found within 25–26° in POPC and raft, respectively. Helix–helix
packing in the simulated structures has also been estimated in terms
of interface buried area. The recorded data indicate that the bilayer en-
vironments induce a tighter packing of the helices. Taken together theFig. 2. Cα helix RMS deviations from the starting structure as function of time for the POPC
(black and red) and raft (green and blue) simulations.
Fig. 3. Ribbon representation of the CD3 ζζ dimer structure derived from NMR (pink), POPC (green) and raft (orange) simulations. The position of residues important for the dimeric as-
sembly is highlighted.
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maintain a well-deﬁned helical structure throughout the simulations.3.2. Helix–helix contacts
A relevant feature of the NMR structure of CD3 ζζ dimer is the pres-
ence of two interchain hydrogen bonds between the hydroxyl groups of
Tyr12 and those of Thr17marking the lateral edges of the dimeric inter-
face [18]. These residues are evolutionary conserved (Fig. 1). Call et al.
[18] reported that substitution of these residues results in a dramatic re-
duction of covalent CD3 ζζdimer formation, and that even themutation
of a single residue (Y12F) in one chain reduces dimer formation by 75%.
The monitoring of the hydrogen bonds between Tyr12 and Thr17 side
chains during the simulations reveals that these interactions are rather
well conserved in both POPC and the three-component bilayer simula-
tion, although it appears sporadically broken in one of the two POPC
simulations (Fig. 4A and B). Further interface contacts include methyl
and aromatic side chains, such as the interactions between the side
chains of the evolutionary conserved Leu9 and those involving the
side chains of Leu16, Phe20 and Val23. These contacts are rather well
conserved in both simulations (Fig. 5A–D).
A crucial role in the CD3 ζζ dimerization is played by the presence of
Asp at position 6. This region is important for the binding of the TM ar-
ginine residue from TCR [18–20]. Conservative substitution Asp→ Glu
can result in major assembly defects [18]. The NMR structure of CD3 ζζ
shows that the two aspartic acids at position 6 face each other through
the pseudo twofold axis, thus creating a region of high local negative
charge. However, the NMR data do not reveal the exact positioning
of the Asp side chains, since the χ2 angle of the Asp side chain cannotTable 2
Equilibriummacroscopic structural features of ζζ in POPC and raft obtained as average of
the values resulting from two 100 ns simulations. Corresponding values obtained for the
NMR structure are also reported.
Structural statistics NMR structure POPC Raft
Cα radius of gyration (Å) 15.8 (0.3) 15.5 (0.3) 15.8 (0.2)
Total solvent accessible surface (nm2) 62 (1) 59 (1) 63 (1)
Interface buried surface (nm2) 11 (1) 16 (1) 14 (1)
Standard deviations are in parentheses.be directly measured. A direct hydrogen bond between the side
chain oxygens could be one possibility and would require one of
the two aspartates to be in the protonated form: this is not rare in
proteins as the raise in pKa of one aspartate is favored by its position
internal to the protein matrix and by the proximity of the second
aspartate. Call et al. [18] suggested that the two Asp could form a
hydrogen bond involving the side-chain oxygen and the backbone
amide nitrogen. It is well known that buried water molecules stabi-
lize helical transmembrane proteins [46]. Also our results suggest
that hydration may be an important stabilization factor: we found that
both in raft and in POPC, up to six water molecules reach the negative
Asp charges through a channel connecting the extracellular space and
the aspartate pocket and that two–three water molecules stably reside
close to carboxylic oxygen atoms (Fig. 6A and B). Hydration of this region
could help to form the speciﬁc geometry of the di-aspartate site which is
critical for binding to the receptor. In fact, the presence of water mole-
cules close to the di-aspartate site in POPC and raft-like environment
could allow the right positioning of these residues for the interaction
TCRαβ–CD3 ζζ. Interestingly, in one of the two POPC simulations,
one of the two Asps is sporadically hydrogen bonded to the side
chain of the Lys located at the N-terminal region (Fig. 7), suggesting
that Asp–Asp dyad in POPC could be at least in part less accessible
than in the raft environment.
A crucial role in deﬁning the accessibility of this site could be played
by the distinct conformations, in terms of dihedral angles, adopted by
the interchain (Cys2–Cys2′) disulﬁde bridge in the two environments
(Fig. 8). The different conformations could reﬂect a different ability of
the ten extracellular residues to accommodate in the cavity formed by
the other receptor extracellular subunits, assembly suggested to be im-
portant in the activation mechanisms [47].3.3. Interactions with CHOL and SM
It is known that TM helices interact with surrounding lipids via
short-range interactions. Generally, these interactions are supposed to
involve the hydrophobic side chains protruding from the transmem-
brane helices. The presence of CHOL and SM molecules in the raft-like
membrane could signiﬁcantly affect these interactions. Analyzing the
CD3 ζζ–lipid contacts in the POPC and POPC/CHOL/SM simulations,
Fig. 4.Distances between selected atoms of the dimeric interface as function of time: OH atom of Tyr12 of one chain–Oγ Thr17 of the other chain for both simulations (black and red line)
and vice versa (green and blue line) in POPC (panel A) and raft (panel B) simulations.
2641A.A. Petruk et al. / Biochimica et Biophysica Acta 1828 (2013) 2637–2645we found signiﬁcant differences due to the presence of CHOL and SM
molecules in proximity of the protein. In particular, several speciﬁc
van der Waals and electrostatic protein–SM interactions are observed.
An example of van der Waals interactions between hydrophobic side
chains and lipid molecules is reported in Fig. 9.
It should be noted that each ζ chain has three positive charges
(Arg22, Lys24 and Arg27) and a negative charge (Asp30) at the bound-
ary between membrane and cytoplasmic environment (Fig. 9). This
ﬁnding raises the question whether these residues could bind to theFig. 5. Distances between CB atoms of selected residues (Leu9 (black), Leu16 (red), Phe20 (cy
(panels A and B) and raft simulations (panels C and D).inner leaﬂet of the plasmamembrane through electrostatic interactions.
Using in vitro assays with synthetic lipid vesicles, the ζ chain cytoplas-
mic domain was shown to bind to vesicles with a net negative charge,
but not to vesicles lacking such a charge [48].
Analyzing the contacts of these side chains with the lipids or with
other parts of the CD3 ζ chain, signiﬁcant differences between the
POPC and raft simulations are observed. We found that all these posi-
tively charged residues interact with the phosphate of lipids. On the
other hand, Arg22 and Lys24 show higher probability to interact withan) and Val23 (green)) at the dimeric interface as function of time in POPC simulations
Fig. 6. A snapshot of the di-aspartate site from raft simulation. The positions of water molecules that interact with the Asp side chains and of the interchain disulﬁde bridge are evidenced
(panel A). Radial distribution function of oxygen water atoms around the carboxylic Asp6 oxygen atoms (panel B), i.e. the probability of ﬁnding a watermolecule at a given distance from
Asp6 oxygen side chain atoms, in the POPC (gray) and raft (black) simulations.
Fig. 7.Distances between selected atoms of the dimeric interface as function of time: Oδ1 atomof Asp6 of one chain–Nζ of N-terminal Lys of the other chain for both simulation sets (black
and red lines) and vice versa (green and blue lines) in POPC (panel A) and raft simulations (panel B).
2642 A.A. Petruk et al. / Biochimica et Biophysica Acta 1828 (2013) 2637–2645phosphate group of POPC, whereas Arg27 can also interact with the
phosphate group of SM (Fig. 10). In particular, the radial distribution
function integration values for phosphorous atoms of POPC and SM
are 0.5 and 0.2, respectively. In POPC, the radial distribution function in-
tegration provides a value of 0.4. The Arg27–phosphate interaction
could help the CD3 ζζ dimer to be anchored to the lipid membrane inFig. 8. Normalized probability of the Cα–Cβ–Sγ–Sγ′ (black), Cβ–Sγ–Sγ′–Cβ′ (red), and Sγ–Sγ
bridge (Cys2–Cys2′) in POPC (panel A) and raft (panel B) simulations.such a way that it could be able to control the position of the cytoplas-
mic region where the ITAM motif resides and could be more prone to
its interaction with Lck, a fundamental event for TCRαβ–CD3 function.
These ﬁndings together with the stabilization of the proper positioning
and higher accessibility of Asp6–Asp6 dyad suggest that the TCRαβ–
CD3 complex formation could be more effective in raft than in POPC′–Cβ′–Cα′ (green) dihedral angles formed by atoms constituting the interchain disulﬁde
Fig. 9.A snapshot from the raft simulation showing the ζζdimeric structure (orange) andneighboringPOPC (panel A), SM, andCHOLmolecules (panel B). Somearomatic andhydrophobic
residues involved in protein–lipid interactions are also shown.
Fig. 10. Radial distribution function (RDF) of phosphate atoms around the side chain N atoms of Arg22 (panel A), Lys24 (panel B) and Arg27 (panel C) in the POPC (red) and raft (black)
simulations.
Fig. 11. RMSF value, expressed in Å, for each residue of the CD3 ζζ dimeric structure in the
two different environments; black/red circles in POPC and green/blue circles in raft.
2643A.A. Petruk et al. / Biochimica et Biophysica Acta 1828 (2013) 2637–2645and that the transfer of TCRαβ–CD3 complex into raft could trigger the
activation signal from the ligand-binding receptor to the transducing
molecule. Interestingly, the presence of a positively-charged residue in
correspondence of Arg22, Lys24 and Arg27 is an evolutionary well con-
served feature of the CD3 ζζ chains (Fig. 1).
3.4. Flexibility
To describe themobility of the structures resulting from the simula-
tions, the Cα rootmean square ﬂuctuations (RMSFs) have been calculat-
ed for each residue of the two chains in the two different environments
(Fig. 11). Fluctuations of the two chains show similar trends, with the
exceptions of the termini, which appear more ﬂexible. This ﬁnding sug-
gests that these regions could bemore prone to modify their conforma-
tion to adapt to the CD3–TCR complex.
The collective movements of CD3 ζζ in both POPC and raft environ-
ments have been analyzed by essential dynamics. This approach shows
that, in both cases, most of atomic displacements were contained in the
ﬁrst few eigenvectors. The essential subspace spanned by the ﬁrst 10 ei-
genvectors covers about 80% andmore than 90%of the total ﬂuctuations
of the CD3 ζζ dimer in POPC and raft, respectively. Thus, the ﬂuctuations
of CD3 ζζ dimer involve a limited set of directions in the essential
subspace. Notably, as also pointed out by the RMSIP values (see before),
the duplicate simulations present very similar essential subspaces,
with wide overlaps of the main eigenvectors which are responsible
for the most representative overall concerted protein motions. To
visualize the regions involved in these motions and compare the
correlated movements of the dimer in POPC and raft environment, theconformational evolution of the structure along the ﬁrst principal com-
ponent obtained by the diagonalization of the covariance matrix de-
rived from one of the two simulations for each environment has been
represented in a ﬁlm-like fashion (Fig. 12). The analysis of the regions
involved in correlated motions of CD3 ζζ shows a different pattern of
correlations in the two environments. In particular, strong correlations
between transmembrane and cytoplasmic regions are observed in raft,
but not in POPC. These ﬁndings indicate that the same molecule can
display very different trends for correlated motions in different lipidic
Fig. 12. CD3 ζζ dimer motions along the ﬁrst principal eigenvector in POPC (panel A) and
raft simulations (panel B). A colored scale is used to represent motions in a ﬁlm-like fash-
ion. Vectors are used as qualitative indicators of the direction of Cα atom motions.
2644 A.A. Petruk et al. / Biochimica et Biophysica Acta 1828 (2013) 2637–2645environments and suggest the presence of transmembrane–cytoplas-
mic communication in raft, supporting the hypothesis that this environ-
ment particularly favors the signal transduction.
4. Conclusions
In this article, we report the results of MD simulations of the CD3 ζζ
dimer in two differentmembranemimicking environments, POPC and a
POPC/SM/CHOL mixture. The simulations performed in the two envi-
ronments indicate that the presence of the bilayer modiﬁes the confor-
mational preferences of the protein when compared to the micelle
environment. The analysis of inter-helix contacts supports previous hy-
potheses on the role played by hydrogen bonds between Tyr12 of one
chain and Thr17 of the second chain and by the hydrophobic inter-
chain contact between the two Leu in position 9 in maintaining the di-
meric structure regular, stable and compact [18]. Furthermore, our
data highlight the role played by water molecules to orient the Asp6
side chains in the proper position, critical for binding to the receptor.
The simulation in raft also shows that strong interactions are formed be-
tween the positively charged residues at the C-terminal region of the
two helices and the polar heads of the lipid bilayer at themembrane/cy-
toplasmic boundary region. Interestingly, comparison of the MD data
suggests the existence of correlated motions between extracellular
transmembrane and cytoplasmic regions of CD3 ζζ in raft, but not in
POPC, indicating that conformational modiﬁcations induced in the ex-
tracellular space by the TCR–ligand encounter could be transmitted to
the signaling machinery only in the raft environment.
Acknowledgements
We express our gratitude to Dr. Perttu Niemelä for his help in the
early stages of the molecular dynamics simulation settings. A.A.P. is
grateful to CONICET for a Post Doctoral Fellowship. ACEMD license and
computer power were gently provided by ACELLERA (http://www.
acellera.com/) and SimOne at INSIBIO-CONICET, respectively.
References
[1] K. Simons, E. Ikonen, Functional rafts in cell membranes, Nature 387 (1997)
569–572.
[2] D. Lingwood, K. Simons, Lipid rafts as a membrane-organizing principle, Science 327
(2010) 46–50, (New York, N.Y.).
[3] S.J. Fleishman, V.M. Unger, N. Ben-Tal, Transmembrane protein structures without
X-rays, Trends Biochem. Sci. 31 (2006) 106–113.
[4] P.J. Stansfeld, M.S. Sansom, Molecular simulation approaches to membrane proteins,
Structure 19 (2011) 1562–1572.[5] S. Khalid, P.J. Bond, Multiscale molecular dynamics simulations of membrane pro-
teins, Methods Mol. Biol. 924 (2013) 635–657.
[6] R.O. Dror, R.M. Dirks, J.P. Grossman, H. Xu, D.E. Shaw, Biomolecular simulation: a com-
putational microscope formolecular biology, Annu. Rev. Biophys. 41 (2012) 429–452.
[7] D. Krepkiy, M. Mihailescu, J.A. Freites, E.V. Schow, D.L. Worcester, K. Gawrisch, D.J.
Tobias, S.H. White, K.J. Swartz, Structure and hydration of membranes embedded
with voltage-sensing domains, Nature 462 (2009) 473–479.
[8] J.B. Klauda, R.M. Venable, J.A. Freites, J.W. O'Connor, D.J. Tobias, C. Mondragon-
Ramirez, I. Vorobyov, A.D. MacKerell Jr., R.W. Pastor, Update of the CHARMM
all-atom additive force ﬁeld for lipids: validation on six lipid types, J. Phys. Chem.
B 114 (2010) 7830–7843.
[9] D.P. Hurst, M. Schmeisser, P.H. Reggio, Endogenous lipid activated G protein-
coupled receptors: emerging structural features from crystallography andmolecular
dynamics simulations, Chem. Phys. Lipids 169 (2013) 46–56.
[10] J. Aittoniemi, P.S. Niemela, M.T. Hyvonen, M. Karttunen, I. Vattulainen, Insight into
the putative speciﬁc interactions between cholesterol, sphingomyelin, and
palmitoyl-oleoyl phosphatidylcholine, Biophys. J. 92 (2007) 1125–1137.
[11] B. Taddese, L.M. Simpson, I.D. Wall, F.E. Blaney, N.J. Kidley, H.S. Clark, R.E. Smith, G.J.
Upton, P.R. Gouldson, G. Psaroudakis, R.P. Bywater, C.A. Reynolds, G-protein-
coupled receptor dynamics: dimerization and activation models compared with ex-
periment, Biochem. Soc. Trans. 40 (2012) 394–399.
[12] A. Cordomi, J.J. Perez, Molecular dynamics simulations of rhodopsin in different
one-component lipid bilayers, J. Phys. Chem. B 111 (2007) 7052–7063.
[13] Z. Zhang, S.Y. Bhide, M.L. Berkowitz, Molecular dynamics simulations of bilayers
containing mixtures of sphingomyelin with cholesterol and phosphatidylcholine
with cholesterol, J. Phys. Chem. B 111 (2007) 12888–12897.
[14] T. Róg, K. Murzyn, M. Karttunen, M. Pasenkiewicz-Gierula, Non-polar interactions be-
tween trans-membrane helical peptide and phosphatidylcholines, sphingomyelins
and cholesterol.Molecular dynamics simulation studies, J. Pept. Sci. 14 (2008) 374–382.
[15] P.S. Niemela, S. Ollila, M.T. Hyvonen, M. Karttunen, I. Vattulainen, Assessing the na-
ture of lipid raft membranes, PLoS Comput. Biol. 3 (2007) e34.
[16] P. Bjelkmar, P.S. Niemela, I. Vattulainen, E. Lindahl, Conformational changes and
slow dynamics through microsecond polarized atomistic molecular simulation of
an integral Kv1.2 ion channel, PLoS Comput. Biol. 5 (2009) e1000289.
[17] P.S. Niemela, M.T. Hyvonen, I. Vattulainen, Atom-scale molecular interactions in
lipid raft mixtures, Biochim. Biophys. Acta 1788 (2009) 122–135.
[18] M.E. Call, J.R. Schnell, C. Xu, R.A. Lutz, J.J. Chou, K.W.Wucherpfennig, The structure of
the zetazeta transmembrane dimer reveals features essential for its assembly with
the T cell receptor, Cell 127 (2006) 355–368.
[19] M.E. Call, J. Pyrdol, M. Wiedmann, K.W. Wucherpfennig, The organizing principle in
the formation of the T cell receptor–CD3 complex, Cell 111 (2002) 967–979.
[20] M.E. Call, K.W. Wucherpfennig, Common themes in the assembly and architecture
of activating immune receptors, Nat. Rev. Immunol. 7 (2007) 841–845.
[21] E.H. Palacios, A. Weiss, Function of the Src-family kinases, Lck and Fyn, in T-cell de-
velopment and activation, Oncogene 23 (2004) 7990–8000.
[22] H. Zhang, S.P. Cordoba, O. Dushek, P.A. van der Merwe, Basic residues in the T-cell
receptor zeta cytoplasmic domain mediate membrane association and modulate
signaling, Proc. Natl. Acad. Sci. U. S. A. 108 (2011) 19323–19328.
[23] V. Horejsi, Lipid rafts and their roles in T-cell activation, Microbes. Infect. 7 (2005)
310–316.
[24] T. Harder, The T cell plasma membrane lipid bilayer stages TCR-proximal signaling
events, Front. Immunol. 3 (2012) 50.
[25] T. Zech, C.S. Ejsing, K. Gaus, B. deWet, A. Shevchenko, K. Simons, T. Harder, Accumu-
lation of raft lipids in T-cell plasma membrane domains engaged in TCR signalling,
EMBO J. 28 (2009) 466–476.
[26] K. Gaus, E. Chklovskaia, B. Fazekas de St Groth,W. Jessup, T. Harder, Condensation of
the plasma membrane at the site of T lymphocyte activation, J. Cell Biol. 171 (2005)
121–131.
[27] A.D. Owen, A.H. Schapira, P. Jenner, C.D. Marsden, Oxidative stress and Parkinson's
disease, Ann. N. Y. Acad. Sci. 786 (1996) 217–223.
[28] C. Rentero, T. Zech, C.M. Quinn, K. Engelhardt, D.Williamson, T. Grewal, W. Jessup, T.
Harder, K. Gaus, Functional implications of plasma membrane condensation for T
cell activation, PLoS One 3 (2008) e2262.
[29] P. Otahal, S. Pata, P. Angelisova, V. Horejsi, T. Brdicka, The effects of membrane com-
partmentalization of csk on TCR signaling, Biochim. Biophys. Acta 1813 (2011)
367–376.
[30] S. Sharma, A.H. Juffer, An atomistic model for assembly of transmembrane domain
of T cell receptor complex, J. Am. Chem. Soc. 135 (2013) 2188–2197.
[31] A. Merlino, S. Varriale, M.R. Coscia, L. Mazzarella, U. Oreste, Structure and dimeriza-
tion of the teleost transmembrane immunoglobulin region, J. Mol. Graph. Model. 27
(2008) 401–407.
[32] S. Varriale, A. Merlino, M.R. Coscia, L. Mazzarella, U. Oreste, An evolutionary con-
served motif is responsible for immunoglobulin heavy chain packing in the B cell
membrane, Mol. Phylogenet. Evol. 57 (2010) 1238–1244.
[33] L. Vaccaro, K.J. Cross, J. Kleinjung, S.K. Straus, D.J. Thomas, S.A. Wharton, J.J. Skehel, F.
Fraternali, Plasticity of inﬂuenza haemagglutinin fusion peptides and their interac-
tion with lipid bilayers, Biophys. J. 88 (2005) 25–36.
[34] A.D.J. MacKerell, D.M. Bashford, R.L. Dunbrack, J. Evanseck, J.D., M.J. Field, S. Fischer, J.
Gao, H. Guo, S. Ha, D. Joseph-McCarthy, L. Kuchnir, K. Kuczera, F.T.K. Lau, C.Mattos, S.
Michnick, T. Ngo, D.T. Nguyen, B. Prodhom, W.E.I. Reiher, B. Roux, M. Schlenkrich,
J.C. Smith, R. Stote, J. Straub, M. Watanabe, J. Wiórkiewicz-Kuczera, D. Yin, M.
Karplus, All-atom empirical potential for molecular modeling and dynamics studies
of proteins, J. Phys. Chem. B 102 (1998) 3586.
[35] J.C. Phillips, R. Braun, W. Wang, J. Gumbart, E. Tajkhorshid, E. Villa, C. Chipot, R.D.
Skeel, L. Kale, K. Schulten, Scalable molecular dynamics with NAMD, J. Comput.
Chem. 26 (2005) 1781–1802.
2645A.A. Petruk et al. / Biochimica et Biophysica Acta 1828 (2013) 2637–2645[36] T. Darden, D. York, L. Pedersen, Particle mesh Ewald: an N⋅log(N) method for Ewald
sums in large systems, J. Chem. Phys. 98 (1993) 10089.
[37] M. Harvey, G. Giupponi, G. De Fabritiis, ACEMD: accelerated molecular dynamics
simulations in the microseconds timescale, J. Chem. Theory Comput. 5 (2009) 1632.
[38] M.J. Harvey, G. De Fabritiis, An implementation of the smooth particle mesh Ewald
method on GPU hardware, J. Chem. Theory Comput. 5 (2009) 2371–2377.
[39] K.A. Feenstra, B. Hess, H.J.C. Berendsen, Improving efﬁciency of large time-scale mo-
lecular dynamics simulations of hydrogen-rich systems, J. Comput. Chem. 20 (1999)
786.
[40] A. Merlino, L. Vitagliano, M.A. Ceruso, L. Mazzarella, Subtle functional collective mo-
tions in pancreatic-like ribonucleases: from ribonuclease A to angiogenin, Proteins
53 (2003) 101–110.
[41] W. Kabsch, C. Sander, Dictionary of protein secondary structure: pattern recognition
of hydrogen-bonded and geometrical features, Biopolymers 22 (1983) 2577–2637.
[42] A. Amadei, A.B. Linssen, H.J. Berendsen, Essential dynamics of proteins, Proteins 17
(1993) 412–425.[43] A. Merlino, L. Vitagliano, M.A. Ceruso, A. Di Nola, L. Mazzarella, Global and local
motions in ribonuclease A: a molecular dynamics study, Biopolymers 65 (2002)
274–283.
[44] A. Merlino, L. Vitagliano, M.A. Ceruso, L. Mazzarella, Dynamic properties of the
N-terminal swapped dimer of ribonuclease A, Biophys. J. 86 (2004) 2383–2391.
[45] A.Merlino, M.A. Ceruso, L. Vitagliano, L. Mazzarella, Open interface and large quater-
nary structure movements in 3D domain swapped proteins: insights from molecu-
lar dynamics simulations of the C-terminal swapped dimer of ribonuclease A,
Biophys. J. 88 (2005) 2003–2012.
[46] R. Renthal, Buried water molecules in helical transmembrane proteins, Protein Sci.
17 (2008) 293–298.
[47] S. Minguet, M. Swamy, W.W. Schamel, The short length of the extracellular domain
of zeta is crucial for T cell antigen receptor function, Immunol. Lett. 116 (2008)
195–202.
[48] D. Aivazian, L.J. Stern, Phosphorylation of T cell receptor zeta is regulated by a lipid
dependent folding transition, Nat. Struct. Biol. 7 (2000) 1023–1026.
